Metabolic cooperation, the correction of the mutant phenotype in cells deficient in hypoxanthine phosphoribosyltransferase (HPRT-) by intimate contact with normal cells (HPRT § represents a form of cell communication that is easily studied with radioautography. In the present study it was found that the formation of cell junctions needed for communication does not require protein synthesis nor is it under the immediate control of the cell nucleus. Enucleated normal cells efficiently communicate with HPRT-mutant cells. The effectiveness of enucleated cells as donors in metabolic cooperation provides evidence that it is the transfer of small molecules, nucleotide, or nucleotide derivatives that is responsible for correction of the mutant phenotype. Karyoplasts (nuclei with small amounts of cytoplasm surrounded by a plasma membrane) are unable to efficiently communicate with intact cells. The utilization of [3H]hypoxanthine by communicating mixtures of HPRT § and HPRT-human cells is not significantly different than in the normal cells alone. Metabolic cooperation, as studied, involves a redistribution of purine-containing compounds among communicating cells.
Communication between cells by physical contact of plasma membranes constitutes a fundamental property of many cells and is required for a number of biologically important cell-to-cell interactions. Current evidence suggests that contact-mediated intercellular communication requires the formation of a specialized membrane structurethe gap junction (11) . Gap junctions are sevenlayered structures composed of polygonal lattices of 70-80/~ subunits. Freeze-fracture techniques for studying cell surface topography have demonstrated that these junctions are present as localized plaques that are distinctly differentiated from regions of nonjunctional membrane (11) .
Ionic coupling and metabolic cooperation have been extensively studied as functional expressions of intercellular communication, and these investigations complement those on the morphology of gap junctions (1, 8, 10, 12, 19) . Metabolic cooperation is a form of cell communication in which the mutant phenotype of enzyme-deficient ceils, as determined by incorporation of labeled substrates, is corrected in culture by contact with normal cells (1, 3, 4, 8, 12, 18, 24) . In the present studies it was found that the protein synthesis inhibitor, cycloheximide, did not interfere with the formation of those junctions required for metabolic cooperation.
Prescott et al. (20) have described a method for enucleating mammalian cells by centrifugation in medium containing the fungal metabolite cytochalasin B. The enucleated cytoplasm (cytoplast) is metabolically active (20) , possesses a near normal ultrastructure (26) , and exhibits normal be-havior (14) . The nuclear component (karyoplast), pulled from the cell by centrifugation in cytochalasin B, carries with it a portion of the plasma membrane, a small quantity of cytoplasm containing ribosomes, an occasional mitochondrion, and pieces of endoplasmic reticulum (26) . Cytoplasts and karyoplasts provide the opportunity to study independently the contributions of the nucleus and cytoplasm to cell communication. In the present study, normal (HPRT § cytoplasts and karyoplasts were used as donors in metabolic cooperation. It was found that cytoplasts efficiently communicated with mutant (HPRT-) hamster cells but that karyoplasts did not.
Previous studies suggested that metabolic cooperation between HPRT § and HPRT-cells is the result of transfer of small molecules from normal to mutant ceils rather than transfer of enzyme or informational macromolecules that lead to synthesis of the enzyme (5, 6, 8, 18) . Evidence obtained with enucleated cells and karyoplasts provides strong support that it is the transfer of small molecules, nucleotides, or nucleotide derivatives that corrects the mutant phenotype of HPRT-deficient cells.
The uptake of labeled hypoxanthine in cooperating mixtures of HPRT § and HPRT-cells was measured to determine whether the utilization of labeled purine was increased to compensate for the enzyme deficiency in the mutant cell. The results indicated that there was no increase in [3H]hypoxanthine utilization.
MATERIALS AND METHODS

Cells
Human diploid fibroblasts derived from normal male subjects (HPRT § and patients with Lesch-Nyhan syndrome (HPRT-) were established in culture by explanting skin as previously described (5, 7) . Hamster cells were the established baby Syrian hamster kidney cell line BHK21 clone 13 which has a diploid male karyotype (23) . TG-2 is a variant of BHK~1 C13, selected for resistance to thioguanine (50-100/zg/ml), and has a marked deficiency of HPRT (16) . Both hamster cell lines were the generous gift of Dr. John W. Littlefield, Johns Hopkins Hospital, Baltimore, Md.
Morphological differences between cells of different species in cell mixtures permit the identification of donor and recipients on an individual cell basis. This identification is aided by the different degree of decolorization after staining with May-Griinwald-Giemsa's stain (6, 8, 9) . As shown in Fig. 1 , human cells are lighter staining and have a nucleus with three or four small nucleoli.
Hamster cells are darker staining with a nucleus containing one or several large nucleoli. Occasionally, a cell cannot be unequivocally identified and is therefore not scored in analyzing results.
Media and Cultures
Cells were grown in Waymouth's medium (25) containing 10% fetal calf serum and antibiotics (penicillin 50 U, streptomycin 50 v-g, and kanamycin 30 tzg/ml). Cultures were carded in fiat-bottomed flint glass bottles and were harvested, subcultured, and prepared for radioautography as previously described (6, 9) .
Enucleation of Cells with Cytochalasin B
Enucleation of human diploid fibroblasts was carded out by minor modifications of the methods of Prescott et al. (20) and Goldman and Pollack (13) . Cells were grown on disks punched out of plastic trays (Limbro no. 96 CV-TC) with a 12-mm cork borer and coated with bovine collagen (a gift from Dr. Richard Kronenthal of the Ethicon Co., Inc., Somerville, N. J.). The disks were inserted cell side down into 15-ml Corex centrifuge tubes containing 2.5 ml of complete Waymouth's medium with 10 /zg/ml of cytochalasin B (Aldrich Chemical Company, Inc., Milwaukee, Wis.). They were incubated for 10 min in a 37~ water bath and then placed in a warmed (35~ Lourdes model AX centrifuge. The cells were spun at 11,500 rpm (17,000g) for 12 rain in an incubator at 35~ After centrifugation the disks were transferred to 35-ram plastic Petri dishes. They were washed once with Hanks' balanced salt solution and then were incubated in fresh Waymouth's medium without cytochalasin B. After 1-to 2-h incubation, the disks containing the cytoplasts were washed in Hanks' balanced salt solution, and the cytoplasts were detached from the collagen substrate with 0.25% trypsin and 0.1% EDTA (Grand Island Biological Co., Grand Island, N. Y.). When cells were observed to round up, the trypsin-EDTA solution was removed and the cytoplasts were taken up in complete medium and inoculated into Leighton tubes containing 6 x 30 mm cover slips upon which hamster cells were attached. The cytoplasts and hamster cells were cocultured in complete Waymouth's medium containing [aH]hypoxanthine and were prepared for radioautography (see legends to figures and tables).
Karyoplasts, separated from cells during centrifugation in medium with cytochalasin B, were recovered along with a few intact detached cells from the bottom of the centrifuge tube by centrifuging the medium, after removing the plastic disks, in a clinical centrifuge for 10 min at 1,600 rpm. They were washed once in complete medium and then suspended in fresh Waymouth's medium without cytochalasin B and were inoculated either into Leighton tubes containing 6 x 30 mm cover slips or into Lab Tek culture slides containing attached hamster cells. The karyoplasts and hamster cells were cocultured Table I . Human fibroblasts (marked by arrows in cell mixtures) are lightly stained and have several small nucleoli. Hamster cells are more darkly stained and have nuclei with larger and more darkly stained nucleoli, x 900 (approx).
in complete medium with radioactive isotopes and were prepared for radioautography.
Radioautographic Studies
Radioactive substrates were chromatographed before use.
[3H]Adenine (6.0 Ci/mmol) and [aH]uridine (37.6 Ci/mmol) were sufficiently pure to use as received, but [3H]hypoxanthine (3.0 Ci/mmol) required further purification on Dowex 50. All radioactive compounds were purchased from New England Nuclear Corp., Boston, Mass.
Radioautographic studies were carried out by adding the isotope to Waymouth's medium containing 15% fetal calf serum. The final concentration of label depended on the cell line or cell mixture being studied. The concentrations used and the duration of incubation are described in the legends to the tables and figures. Sufficient [aH]hypoxanthine was used to produce heavy labeling (50 grains or more per nucleus) in over 70% of HPRT + cells. Labeled cultures grown on cover slips or Lab-Teck slides were prepared for radioautography as previously described (5, 6, 9) .
RESULTS
Effect of Inhibiting Protein Synthesis
The specialized cell junctions required for cell communication are ultrastructurally complex and highly ordered structures. Previous work indicated that metabolic cooperation can be demonstrated within 1 h after cells make contact (9) . To determine whether de novo protein synthesis is required for the production of effective cell contacts, suspensions of HPRT-human cells were inoculated onto cover slips containing normal BHK cells that had been labeled for 1 h with [3H]hypoxanthine. Cycloheximide at a final concentration of 2 and 10 /zg/ml was immediately added and the cell mixture was incubated for 6 h with 20 /xCi of [3H]hypoxanthine as the human cells attached to the cover slip and made contact with HPRT § hamster cells. Preliminary experiments showed that 2 and 10 t~g/ml of cycloheximide did not interfere with cell attachment although they inhibited [14C]leucine incorporation during a 4-h incubation by 85 and 89%, respectively. As shown in Table I and Fig. 1 , the amount of labeled hypoxanthine incorporated into both the hamster and human Lesch-Nyhan cells in the presence of cycloheximide was moderately reduced when compared to replicate cultures not incubated with this inhibitor, but a proportionate amount of label was transferred from normal to mutant cells.
Communication Between Cytoplasts and Mutant Cells
In all of the following experiments the cell density of cultures was low to ensure that labeled mutant cells in contact with cytoplasts could not have been fed by the occasional (10-15%) human cells that escaped enucleation. The efficiency of enucleation was determined by counting the proportion of nucleated cells on cover slips treated in parallel with the cover slips used for the experimental study. Labeled human cytoplasts were prepared by incubating normal skin fibroblasts for 18 h with 30 /zCi/ml [3H]hypoxanthine before enucleation. These cytoplasts functioned efficiently as donors in metabolic cooperation when cocultured with HPRT-hamster cells in medium containing [3H]hypoxanthine (Fig. 2a) . Prelabeled HPRT + cytoplasts also transferred label efficiently to HPRT-hamster cells when cocultured in nonradioactive medium, indicating that labeled compounds can be derived from the turnover of radioactive macromolecules.
A series of experiments were carried out in which HPRT + cytoplasts were cocultured with HPRT-cells. Isolated HPRT + cytoplasts and isolated HPRT-cells incubated in medium with [3H]hypoxanthine did not show labeling. However, H P R T -cells in contact with H P R T + cytoplasts were labeled (Fig. 2b, c, d , and e). The cytoplasts remained unlabeled. Communication between human H P R T § cytoplasts and H P R Thamster cells is further documented and quantifled in Fig. 3 which shows the frequency distribution of grains in H P R T -cells in contact with unlabeled H P R T § cytoplasts (hatched bars, Fig.  3 A) . These numbers are compared to the number of grains in isolated H P R T -cells in the same preparation (open bars, Fig. 3 A) . 
Communication Between Karyoplasts and Mutant Cells
Karyoplasts were prepared from normal skin fibroblasts that had been labeled by incubation for 18 h with 30/xCi/ml of [aH]hypoxanthine before enucleation. The labeled karyoplasts were cocultured with HPRT-hamster cells in medium with [3H]hypoxanthine. As shown in Fig. 4a and quantitatively in the right panel B of Fig. 3 the normal karyoplasts did not efficiently transfer label to mutant hamster cells. Prelabeled karyoplasts were used in these experiments to provide optimal conditions for metabolic cooperation since labeled compounds transferred to mutant cells can be derived from the turnover of labeled macromolecules as well as from [aH] hypoxanthine in the medium. Karyoplasts prepared from HPRTLesch-Nyhan flbroblasts failed to receive label from HPRT § hamster cells (Fig. 4b) .
The metabolism of radioactive pyrimidines and purines was studied in unlabeled karyoplasts prepared from normal human fibroblasts. Approximately 45% of karyoplasts incorporated [3H]-uridine and 20% incorporated [aH] hypoxanthine as demonstrated radioautographically in Fig. 4c and d. Differences in incorporation of uridine and hypoxanthine by karyoplasts may be the result of inadequate levels of cosubstrate phosphoribosyipyrophosphate required for hypoxanthine utilization or may be related to differences in the specific activity of the radioactive compounds.
Quantitative Incorporation of [aH] Hypoxanthine During Metabolic Cooperation
Confluent mixtures of normal and Lesch-Nyhan human fibroblasts incorporated approximately one-half the amount of [3H]hypoxanthine as an equal number of HPRT § cells as shown in Table  II . Radioautography showed that all the cells were labeled, indicating efficient cooperation. The resuits contrast with those observed when replicate flasks were labeled with [3H]adenine. The incorporation of this label involves an analogous reaction utilizing a different enzyme, adenine phosphoribosylpyrophosphate transferase, which is present in normal and mutant cells. The incorporation of adenine in mixtures of normal and HPRT-human fibroblasts approximates that of an equivalent number of normal cells (Table II) . Lesch-Nyhan fibroblasts incorporate slightly more adenine than normal cells, presumably because of increased concentrations of the cosubstrate PRPP. Replicate 6 x 30 mm cover slips were inoculated with 300,000 HPRT-cells or 300,000 normal human cells or a mixture of 150,000 HPRT-cells and 150,000 normal cells. The cell mixture was derived from the same cell suspensions as the HPRT-and HPRT § cells grown alone. Cover slips were incubated with either 50 p.Ci/ml of hypoxanthine or 5 #Ci/ml of adenine in complete Waymouth's medium for the time indicated. The cover slips were washed three times with Hanks' buffered salt solution and fixed overnight in methanol. The fixed cover slips were extracted with 5% ice-cold TCA for 5 min and then washed in running water for 4 h. Cover slips were placed in Diotol scintillant and counted in a Packard Tricarb Spectrophotometer. After counting in scintillant, the cover slips were washed three times in methanol and prepared for radioautography. Examination of these cover slip preparations showed that, in mixtures of HPRT § and HPRT-mutant cells, all cells were labeled, indicating efficient metabolic cooperation. * Means and ranges are shown for hypoxanthine.
DISCUSSION
Gap junctions have been implicated as ultrastructural units necessary for efficient cell-to-cell communication (2, 10-12, 17). Other junctions (for example, tight junctions and septate junctions) may show some of the physiological properties of gap junctions but there is no evidence that they can function as intercytoplasmic channels. There is little known concerning the formation of low resistance junctions or the level of control of this process. However, cells in culture form low resistance junctions within a relatively brief but variable time (9, 21, 27) .
In the present study metabolic cooperation between mutant HPRT-and normal HPRT § cells was investigated to determine the effect of protein synthesis and the presence of a nucleus on the formation of junctions. Neither protein synthesis nor the presence of a nucleus appears to be immediately required for the formation of efficient junctions needed for metabolic cooperation. These findings suggest the aggregation or assembly of preformed membrane structures to form communicating junctions. Karyoplasts are metabolically active as determined by incorporation of labeled uridine and hypoxanthine. Their inability to communicate efficiently with competent cells may be related to the limited plasma membrane surrounding the nucleus and rim of cytoplasm. Insufficient membrane sites required for junction formation may be responsible for this failure to communicate. Alternatively, damage to the plasma membrane during enucleation may reduce junction formation by karyoplasts. That cytoplasts do efficiently communicate indicates the reversibility of the inhibiting effects of cytochalasin B on communication (4, 9, 22) and the recovery from putative damage by centrifugation.
The present study provides further evidence for the view that small molecules are transferred through junctions from one cell to another. Important support for this conclusion is based on the experiments carried out with unlabeled HPRT § cytoplasts cocultured with HPRT-cells in medium containing [aH] hypoxanthine. Radioautography revealed that the mutant cells were labeled but that the cytoplasts containing the HPRT enzyme were not labeled. Several deductions can be made from this observation. (a) The nucleus is not required for cell communication. This is contrary to a suggestion that we have previously made based on indirect evidence obtained from pulse and chase experiments (9) . (b) The nucleus converts nucleotides formed by HPRT into macromolecules which are retained during fixation and the washing procedures required for radioautography. The cytoplast is unable to perform such conversions and therefore appears unlabled in radioautographs. (Table II) . The utilization of hypoxanthine by normal cells was not increased during metabolic incorporation. To explain this unexpected result, it must be recalled that the mutant cells are deprived of the purine salvage pathway but are still capable of synthesizing nucleotides or their derivatives de novo. Under tissue culture conditions both HPRT § and HPRT-cells grow equally well and it may be assumed that they have similar concentrations of such essential materials as the purine-containing compounds. To maintain similar concentrations of purines in normal and mutant cells and yet permit transfer of labeled nucleotides from HPRT § to HPRT-cells, one must assume a reverse transfer of unlabeled compounds. Cell communication has been demonstrated to be bidirectional (3) .
The biological role of low resistance junctions is not known. As Sheridan (21) has pointed out, these junctions transmit electrical signals (ionic coupling) between certain excitable cells. However, most cells connected by low resistance junctions do not produce electrical signals, and in these cells the junctions must have other functions. Since this study and others have implicated the transfer of small molecules (<1,000 mol wt) from one cell to another (2, 10, 15, 17) , it seems probable that metazoans have evolved low resistance junctions in certain tissues to ensure coordinate responses of the interconnected cell system. For example, certain cyclic nucleotides and cations have been shown to control various aspects of cell growth and metabolism. The transfer of these small regulatory molecules from cell to cell would ensure similar concentrations and a more even response to modulators. It is therefore not surprising that such a fundamental process as cell-to-cell communication might be an intrinsic property of the cell membrane and not immediately dependent on the transcription or translation of genetic information.
